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h i g h l i g h t s
 A large porcine animal model of AAA disease that mimics human aneurysm pathology.
 The ﬁrst large AAA animal model to demonstrate a continuous AAA expansion over time.
 A potential model for further research into the natural history and prognosis of AAA's.
 Due to preserved lumbars a potential model for further EVAR/Endoleak research.
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a b s t r a c t
Background: A large animal model with a continuous expanding infrarenal aortic aneurysm gives access
to a more realistic AAA model with anatomy and physiology similar to humans, and thus allows for new
experimental research in the natural history and treatment options of the disease.
Methods: 10 pigs (group A) underwent infrarenal aortic dissection, balloon dilatation, infusion of elastase
into the lumen and placement of a stenosing cuff around the aorta. 10 control pigs (group B) underwent a
sham procedure. The subsequent 28 days the AP-diameters of the aneurysms were measured using
ultrasound, hereafter the pigs were euthanized for inspection and AAA wall sampling for histological
analysis.
Results: In group A, all pigs developed continuous expanding AAA's with a mean increase in AP-diameter
to 16.26 ± 0.93 mm equivalent to a 57% increase. In group B the AP-diameters increased to
11.33 ± 0.13 mm equivalent to 9.3% which was signiﬁcantly less than in group A (p < 0.001). In group A, a
signiﬁcant negative association between the preoperative weight and the resulting AP-diameters was
found. Histology shoved more or less complete resolution of the elastic tissue in the tunica media in
group A. The most frequent complication was a neurological deﬁcit in the lower limbs.
Conclusion: In pigs it's possible to induce continuous expanding AAA's based upon proteolytic degra-
dation and pathological ﬂow, resembling the real life dynamics of human aneurysms. Because the
lumbars are preserved, it's also a potential model for further studies of novel endovascular devices and
their complications.
© 2014 The Authors. Published by Elsevier Ltd on behalf of Surgical Associates Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
Abdominal aortic aneurysms (AAA) in human adults deﬁned
present when the infrarenal aortic diameter exceeds 3.0 cm, are
most often asymptomatic but highly lethal with an overall mor-
tality around 80e90% when rupture occurs [1]. The disease is a
major health problem, as it affects 5e9% of the male population
over the age of 65 years [2].
Today surgical or endovascular repair are the only treat-
ments. Consequently, many animal models have been developed
to study the natural history and treatment options of AAA's
in vivo.
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When Ponseti IV et al., in 1952 studied the disease Epidemic
lathyrism by putting white rats on a diet containing 50% of sweet
peas (Lathyrus odoratus), whose seeds contain b-amino-
propionitrile that prevents the cross-linking of collagen, he acci-
dentally in 6 of 8 rats induced thoracic aortic medial necrosis with
aneurysm formation and dissection, and thus came across the ﬁrst
animal model with aneurysm disease [3]. Since then a broad
spectrum of techniques has been used in attempts to develop
arterial/aortic aneurysm disease in various animal models. These
models can generally be divided into three main categories [4],
genetically predisposed animals like the blotchy mouse [5], early
used physical models characterized by physical destruction of the
vessel integrity for example by surgical resection of the aortic
media and adventitia [6], or by mechanically inducing a crushing
injury to the aortic wall [7] and ﬁnally chemically induced models
with extra- and/or intraluminal application of calcium chloride
(CaCl2) [8] and/or elastase [9] or by continuous subcutaneous
infusion of angiotensin-II in Apo / mice [10]. Since it is known
that increased elastolytic activity in the media plays a key role in
the initial pathophysiology in human aneurysms [11], the use of
elastase based models seems most proper when studying the
natural history of the disease. However, small animal models don't
allow experiments to sophisticate endovascular treatment or
develop novel surgical treatment possibilities. Attempts in larger
animals have been performed, but so far none that mimics the
natural history including initial elastin fragmentation and proteo-
lytic degradation, have been able to demonstrate a continuous
progressive AAA expansion over time [12e14], which is a key
characteristic of the disease, since it's a dynamic condition with
changes in properties over time. Consequently, the aim of this study
was to develop a reliable, large AAA animal model with a satis-
factory and consistent AAA formation, that shows no sign of halting
in the progressive expansion over time, mimicking the real life
dynamics of human aneurysm disease, which makes it a potential
model for further research into the natural history, prognosis and
treatment options of the disease.
2. Materials and methods
20 female Danish Landrace pigs were divided into either inter-
vention group A (n ¼ 10, mean weight 34 kg (range 31e38 kg)) or
control group B (n ¼ 10, mean weight 34 kg (range 30e38 kg)).
2.1. Anesthesia and surgical procedure
Anesthesia was induced by intramuscular injection (mg/kg BW)
of 1.25 mg tiletaminchdrochlorid, 1.25 mg zolazepamhydrochlorid,
0.25 mg butorphanoltartrat, 1.25 mg ketaminhydroclorid and
1.25 mg xylazin. After tracheal intubation, the pigs were placed in
the supine position and ventilatedwith oxygen 4 L/min and atm. air
(1:1, v/v) and anesthesia was extended by continuous intravenous
infusion of 10 mg propofol and 25 mg fentanyl per kg BW/h.
A transabdominal ultrasound scan of the infrarenal aorta in the
systolic state was performed in both the transverse and longitu-
dinal plane to measure the preoperative external anterior-posterior
diameter (AP0). After 1500 mg of intravenous cefuroxime a midline
longitudinal laparotomy was made and a retrocolic prerenal
transperitoneal approach to the infrarenal aorta was performed.
The aorta was dissected from the lowest renal artery to the trifur-
cation (Fig. 1A). After intravenous administration of 5000 IU of
unfractionated heparin sulfate, the lumbars and the inferior
mesenteric artery and the aorta itself were temporarily clamped.
The sham group B had the clamps removed after 30 min. In group A
a 2.5 mm arteriotomy in the aorta was made at the level of the
inferior mesenteric artery through which a 10 mm  4 cm high-
pressure balloon catheter (Johnson & Johnson e Cordis PowerFlex
P3) was placed and inﬂated for 5 min (Fig. 1B). Hereafter a curved
beaded knop needle was introduced through which 10 ml of
porcine pancreatic elastase (SigmaeAldrich Denmark A/S, E1250-
100MG, Type-I 4.0 units/mg protein) was gradually manually
infused into the aortic lumen over 30 min. Then a 12 mm  4 cm
high-pressure balloon catheter (Johnson & Johnson e Cordis
PowerFlex P3) was introduced and inﬂated for 5 min where after
Fig. 1. Induction of infrarenal AAA. A Surgical isolation of the infrarenal aorta. B Proximal and distal clamping and temporary clamping of the side branches. Endovascular balloon
dilatation to 10 mm with 10 atm. for 5 min. Infusion of 10 ml of porcine elastase for 30 min. Endovascular balloon dilatation to 12 mm with 6 atm. for 5 min. C Placement of an
infrarenal stenosing plastic cuff to stimulate turbulent ﬂow. (Notice the early intraoperative AAA formation after the procedure). D Postoperative Doppler sonography showing
turbulent ﬂow in the infrarenal dilated segment.
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the arteriotomy was sutured and the aorta declamped. To establish
turbulent ﬂow in the infrarenal aortic segment a stenosing nylon
cable-tie strap (120 mm  5 mm) was placed as a cuff around the
aorta just below the renal artery and narrowed until a thrill indi-
cating turbulent ﬂow in the infrarenal aortic segment could be
palpated and postoperatively be visualized by Doppler sonography
(Fig. 1C and D). Finally the retroperitoneum and laparotomy were
closed.
2.2. Postoperative care
5000 IU of unfractionated heparin sulfate was given subcuta-
neously each day to reduce the risk of thromboembolic events. On
the 3rd 7th 14th 21st and 28th postoperative days the pigs were
anaesthetized and the AP-diameter of the infrarenal aorta was
again measured using transabdominal ultrasound. Hereafter the
pigs were euthanized with a lethal overdose of intravenous
phenobarbital and the infrarenal aortic segment was removed and
ﬁxed in 10% buffered formalin.
2.3. Histology
The specimens were sliced and stained with routine protocols
for human tissue for 100 and 400 microscopy with hematoxylin
and eosin stain, Verhoeff's stain for elastin and immunohisto-
chemical staining for human smooth muscle desmin (that was
found to react satisfactory with tissue from pigs). Desmin staining
was done in a Ventana autostainer using antibody clone D33 from
DAKO.
2.4. Statistics
A sample size calculation with 80% power and 5% signiﬁcance
revealed that at least 7 pigs were required in each group to detect a
difference in means of at least 15% with a standard deviation of 10%
after 28 days.
To compare the mean aortic AP-diameter, at the start of the
experiment and the ﬁxed time points, the independent samples
t-test and two-way repeated measurement ANOVA was used as
appropriate for comparison between groups. Results were
presented as means ± SD and with 95% conﬁdence intervals P-
values <0.05 were considered signiﬁcant. To evaluate the asso-
ciation between the preoperative weight and the resulting rela-
tive aortic expansions in group A the Spearman's rank correlation
coefﬁcient/Spearman's rho was calculated and P-values <0.05
were considered signiﬁcant. The software used was IBM SPSS
Statistics 21.0 (SPSS Inc. Chicago, IL, USA).
3. Results
3.1. Macroscopic
After 28 days all 10 pigs in group A developed macroscopically
AAA's with a mean increase in AP-diameter to 16.26 ± 0.93 mm
equivalent to an increase of 57% ± 10.17 SD (Range 31%). In control
group B there were no signs of developing aneurysms as mean AP-
diameter increased to 11.33 ± 0.13 mm equivalent to an increase of
9.3% ± 1.37 SD (Range 3.5%) in accordance with normal physio-
logical growth. The Two-way repeated measurement ANOVA
revealed a signiﬁcant difference between group A and B. (p < 0.001)
(Fig. 2).
Already intraoperatively after the traumatizing balloon dilata-
tion and elastase treatment the aortic segments seemed signiﬁ-
cantly enlarged. During the subsequent 28 days the infrarenal AP-
diameters in this group kept expanding at a higher velocity
compared to control group B with no sign of halting in the pro-
gressive expansion (Fig. 3). Already on the third postoperative day
the difference in mean AP-diameters between the two groups was
highly signiﬁcant with a P-value <0.001 and this could be observed
throughout the experiment (Table 1.).
Preoperative weight inﬂuenced the ﬁnal outcome in interven-
tion group A, as lower preoperative weights resulted in larger AP-
diameters after 28 days. The Spearman's rho for the association
between preoperative weight and the resulting relative aortic
expansion was found to be r ¼ 0.951 with a P-value <0.001
suggesting a highly signiﬁcant negative association (Fig. 4).
3.2. Microscopic
Using Verhoeff's Stain for elastic tissue (Fig. 5AeD) microscopy
of the removed aortic segments in group A showed a preserved
endothelium and as expected, more or less complete resolution of
Fig. 2. Notice the signiﬁcantly lager infrarenal AP-diameter (AP28) in group A (left
side) 28 days after surgery compared to the control group B (right side).
Fig. 3. In intervention group A a progressive aneurysmatic expansion of the infrarenal
aortas could be seen during the 28 postoperative days. In this observation period the
infrarenal aortas in control group B showed only physiological expansion/growth.
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the elastic tissue in the tunica media, suggesting elastolytic
breakdown initiated by the infused elastase. In areas with partially
preserved elastic lamellae (all localized in the anti-luminal side of
the tunica media) the ﬁbers seemed disorganized, thinned and
fragmented, suggesting early fracture-disruption of the lamellar
architecture caused by the wall stress during balloon dilatation.
Immunoperoxidase staining for smooth muscle actin (Fig. 5E
and F) revealed light to moderate muscle atrophy in the tunica
media.
The tunica adventitia appeared largely unaffected.
3.3. Complications and adverse outcomes
The overall success rate regarding group A in our series was
58.8% (10/17) as various complications were initially encountered
and 7 pigs had to be euthanized prematurely to attain the 10 pigs in
group A. The most frequent complication was a neurological deﬁcit
in the lower limbs without ischemia ranging from a mild palsy to
severe paralysis in four pigs. Three postoperative aortic ruptures
were seen after respectively 4 h, 3 days and 7 days. On post mortem
inspection all pigs showed moderate to severe ﬁbrosis surrounding
the infrarenal aorta.
4. Discussion
This study has shown that it's possible to induce AAA's in pigs
weighing 31e38 kg, with a mean increase in AP-diameter of
57% ± 10,17 SD after 28 days. The model seems relatively reliable
and consistent in its aneurysm development. Besides being amodel
which, due to the elastase induced elastolytic degradation, mimics
the initial events in human aneurysm pathophysiology, it's also
unique compared to other models because it's in fact the ﬁrst large
animal model of AAA disease to demonstrate a continuous pro-
gressive AAA expansion over time, resembling the dynamic prop-
erties of real life aneurysm disease. This makes it a potential model
for further research into the natural history, prognosis and treat-
ment options of the AAA disease. Because earlier published papers
describing similar models all have failed in producing continuous
expanding AAA's [12e14], we believe that the stenosing cuff pro-
ducing turbulence may be key, as it continuously generates wall
stress to the damaged endothelium surpassing its regenerative
repair potential. Whether this process continues beyond the period
of observation remains to be examined, but we saw a tendency
towards increasing expansion rates towards the end of the obser-
vation period.
Because of the fact that the lumbars are preserved also makes it
a potential model to study novel endovascular devices and espe-
cially type-I and -II endoleaks.
However, to make this model directly applicable to clinical trials
investigating endovascular devices and their complications even
larger animals may be required. One approach to this would be to
prolong the follow-up time until the animals reach adult size
around 70 kg, although this may imply a risk of preterm rupture.
Another and perhaps more feasible approach would be to induce
aneurysms in even larger pigs around 50e70 kg. Unfortunately this
study showed, that when using the described procedure, there is a
signiﬁcant negative association between the preoperative weight
and the resulting relative aortic expansion after 28 days. This could
be explained by the fact that the aortic walls in the larger animals
are thicker and therefore less permeable to the elastase solution
and that the preoperative aortic diameters (AP0) are wider and
therefore less traumatized by the balloon dilatations.
In our initial studies during the evolution of the model, we tried
to induce AAA in pigs weighing around 50e55 kg by infusing
elastase and placing a stenosing cuff around aorta as described by
Table 1
Schematic representation of the comparison between group A and B.
Group A / Group B Day 0 Day 3 Day 7 Day 14 Day 21 Day 28
Mean weight, Kg
Group A 33.8 ± 2.44 34.3 ± 2.66 36.2 ± 1.99 40.7 ± 2.41 45.9 ± 2.69 50.4 ± 3.37
Group B 34.0 ± 2.58 34.4 ± 3.31 37.8 ± 2.10 42.2 ± 1.76 46.1 ± 3.05 51.1 ± 2.46
P value 0.86 0.95 0.10 0.13 0.90 0.59
Mean AP diameter ± SD, mm
Group A 10.36 ± 0.11 11.6 ± 0.18 12.85 ± 0.32 13.83 ± 0.44 14.74 ± 0.54 16.26 ± 0.93
Range A 0.3 0.6 0.9 1.2 1.6 2.9
Group B 10.37 ± 0.19 10.46 ± 0.13 10.64 ± 0.11 10.87 ± 0.19 11.06 ± 0.2 11.33 ± 0.13
Range B 0.6 0.3 0.3 0.5 0.6 0.4
P value 0.89 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Mean increase ± SD, %a
Group A 11.98 ± 2.62 24.04 ± 3.67 3.52 ± 5.19 42.32 ± 6.31 57.03 ± 10.17
Range A 8.1 10.1 14.6 18.2 31.0
Group B 0.89 ± 1.59 2.63 ± 1.91 4.85 ± 1.85 6.69 ± 2.14 9.26 ± 1.37
Range B 5.8 6.9 4.9 5.9 3.5
P value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
a Mean increase ± SD, % with respect to the preoperative/Day 0 aortic AP-diameter.
Fig. 4. Lower preoperative weights resulted in signiﬁcantly greater aortic expansions
in the intervention group A.
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Molacek J et al. [15], but even in combination with balloon dilata-
tion to mechanically induce a crushing injury to the aortic wall
resulting in fracture-disruption and ablation of the medial lamellar
architecture as described by Zatina MA et al. [7] this approach
yielded no continuous expanding AAA's. First by gradually down-
grading the pigs' weight we began to see results.
If future studies will try to induce AAA's in even larger/heavier
animals, one might expect that the AAA inducing procedure has to
be modiﬁed according to the weight range of interest, e.g. a larger
volume and more concentrated elastase solution given over a
prolonged period of time. Possibly equally important is the possi-
bility of adding further proteolytic substances that exerts an addi-
tional pathophysiologic reactive breakdown of the aortic wall. A.
Czerski et al. [14] recently demonstrated that by supplementing the
elastase with intraluminal collagenase infusion and an external
swab soaked in calcium chloride radically improves the immediate
aneurysm formation, even though this regime alone was not
enough to create continuous expanding AAA's in pigs in the
20e30 kg weight range.
To minimize the risk of complications the procedure has to be
carefully implemented. The overall success rate of 58.8% (10/17)
regarding group A in our study could desirably be higher. The 7 pigs
that had to be euthanized prematurely due to complications were
all operated upon during the initial phase of the study. However, as
we gained experience in the procedure, we managed to reduce the
risks of complications considerably and in the last 6 pigs in group A
we saw no major complications. We decided to include the seven
pigs in this paper, as we wish to point out the importance that the
procedure has to be carried out accurately and safely and that a
learning curve may be required to achieve this.
An ischemic spinal cord lesion due to the aortic clamping may
explain the neurological deﬁcit in the lower limbs being the most
frequent complication. Experiments on dogs investigating the spi-
nal cords critical ischemia time, found that neurological deﬁcits
caused by spinal ischemia for up to 3 h are largely reversible [16]. As
the average aortic clamping time for group A in our study was
around 50 min, the lower limb paralysis may be reversible, and this
survey may be the objective of future studies.
Another disadvantage of the described procedure is the neces-
sity of a laparotomy and the resulting retroperitoneal ﬁbrosis.
Recently Lederman et al. [17] introduced a totally endovascular
approach of chemically induced AAA creation avoiding these issues.
Unfortunately, in this model the extension of the aneurysm is
limited by the distance of adjacent lumbars, making it challenging
Fig. 5. Histological ﬁndings in group A and B listed in the left and right column respectively with the luminal side to the right. AeD: Verhoeff's Stain for elastic tissue enlarged 100
and 400. EeF: Immunoperoxidase staining for smooth muscle actin enlarged 400. Notice the widespread resolution of the medial elastic lamellae and that the ﬁbers in areas
with residual elastic tissue are stretched and thinned. Smooth muscle cells are disorganized and appear atrophic especially towards the luminal side of the media.
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when trying to create aneurysms with short or wide neck anatomy
in order to study e.g. endoleaks type-1, as a lumbar is often seen
about 0.5e1 cm distal to the renal arteries. A totally endovascular
approach also makes it impossible to place an external stenosing
cuff, which we believe is essential.
A possible solution to this problem could be a compromise with
a combined procedure where the aneurysm is induced endovasc-
ularly with an assisting laparoscopic or maybe even a SILS (Single
Incision Laparoscopic Surgery) procedure. The latter in order to
dissect the aortic neck and place the cuff and temporarily clamp the
proximal lumbar.
The perfect large AAA animal model has yet to be seen, but we
believe that a combination of different techniques may be the next
step in this quest.
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